Abstract-The cardiac troponin T (TnT) I79N mutation has been linked to familial hypertrophic cardiomyopathy and high incidence of sudden death, despite causing little or no cardiac hypertrophy in patients. Transgenic mice expressing mutant human TnT (I79N-Tg) have increased cardiac contractility, but no ventricular hypertrophy or fibrosis. Enhanced cardiac function has been associated with myofilament Ca 2ϩ sensitization, suggesting altered cellular Ca 2ϩ handling. In the present study, we compare cellular Ca 2ϩ transients and electrophysiological parameters of 64 I79N-Tg and 106 control mice in isolated myocytes, isolated perfused hearts, and whole animals. Ventricular action potentials (APs) measured in isolated I79N-Tg hearts and myocytes were significantly shortened only at 70% repolarization. No significant differences were found either in L-type Ca 2ϩ or transient outward K ϩ currents, but inward rectifier K ϩ current (IK1) was significantly decreased. More critically, Ca 2ϩ transients of field-stimulated ventricular I79N-Tg myocytes were reduced and had slow decay kinetics, consistent with increased Ca 2ϩ sensitivity of I79N mutant fibers. AP differences were abolished when myocytes were dialyzed with Ca 2ϩ buffers or after the Na ϩ -Ca 2ϩ exchanger was blocked by Li ϩ . At higher pacing rates or in presence of isoproterenol, diastolic Ca 2ϩ became significantly elevated in I79N-Tg compared with control myocytes. Ventricular ectopy could be induced by isoproterenol-challenge in isolated I79N-Tg hearts and anesthetized I79N-Tg mice. Freely moving I79N-Tg mice had a higher incidence of nonsustained ventricular tachycardia (VT) during mental stress (warm air jets). We conclude that the TnT-I79N mutation causes stress-induced VT even in absence of hypertrophy and/or fibrosis, arising possibly from the combination of AP remodeling related to altered Ca Key Words: familial hypertrophic cardiomyopathy Ⅲ troponin T Ⅲ ventricular tachycardia Ⅲ action potential remodeling Ⅲ Ca 2ϩ transient F amilial hypertrophic cardiomyopathy (FHC) is an autosomal-dominant disease resulting from mutations in genes encoding cardiac contractile proteins and is an important cause of sudden cardiac death. 1 Genotype/phenotype correlation studies suggest that the prognostic significance of most mutations is related to the degree of cardiac hypertrophy and fibrosis. 2,3 An exception to this are patients with cardiac troponin T (TnT) mutations such as TnT-I79N, 4 who often die suddenly at a young age, 5 even though cardiac hypertrophy and fibrosis are either mild or nonexistent. 6 Although it is generally assumed that these sudden deaths are caused be ventricular arrhythmias, such evidence has been difficult to obtain, 7 and no data exist for the TnT-I79N mutation.
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In vitro studies of skinned fibers reconstituted with mutant TnT protein show that FHC-linked troponin T mutations almost universally increase myofilament Ca 2ϩ sensitivity. 8 Because Ca 2ϩ binding to the troponin complex represents the largest component of dynamic Ca 2ϩ buffering during the cardiac cycle, 9 our modeling studies predict that the increased myofilament Ca 2ϩ sensitivity would significantly alter intracellular Ca 2ϩ transients. 10 Thus, TnT mutations that change intracellular Ca 2ϩ handling may lead to action potential remodeling and possibly ventricular arrhythmias responsible for sudden cardiac death. To test this hypothesis, we have generated transgenic mice with cardiac-targeted expression of mutant human cardiac TnT-I79N (I79N-Tg) that show increased myofilament Ca 2ϩ sensitivity, 11 enhanced cardiac contractility, and impaired relaxation, 10 but no ventricular hypertrophy or fibrosis. 10 In the present study, we examine the electrophysiological and Ca 2ϩ signaling consequences of the TnT-I79N mutation in transgenic mice. Our data suggests that the TnT-I79N mutation can cause stress-induced ventricular tachycardia even in absence of hypertrophy and/or fibrosis, arising possibly from the combination of action potential remodeling, altered cytosolic Ca 2ϩ transients, and decreased inward rectifier K ϩ current.
Materials and Methods
Groups of 4-to 6-month-old mice expressing human wild-type cardiac TnT (WT-Tg), mutant cardiac TnT (I79N-Tg), and nontransgenic littermates (Non-Tg) were used for all studies, which were performed according to NIH guidelines and approved by the institutional animal care and use committee.
Telemetric ECG Recordings
Telemetric ECGs were continuously recorded from 11 mice (2 WT-Tg, 4 Non-Tg, 5 I79N-Tg) during 48 hours normal activity and during defined stress tests (see the expanded Materials and Methods section, available in the online data supplement at http://www.circresaha.org), namely: (1) 4 minutes of continuously swimming in cages filled with water (37°C); and (2) repetitive warm air stress. This "mental stress" procedure with warm air jets repetitively increased heart rate (online Figure 1 ) and has been reported to increase systemic blood pressure and sympathetic nerve activity in rats 12 and mice. 13 All stress test protocols were performed by a single operator and were performed simultaneously on matched pairs of mice.
ECG Recordings in Anesthetized Mice
Thirty-nine mice (12 WT-Tg, 13 Non-Tg, 14 I79N-Tg) were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) IP, and bipolar limb lead ECGs recorded. 14 After 5 minutes of continuous baseline ECG recordings, mice received either 0.1 mg/kg or 1.5 mg/kg of isoproterenol IP, followed by 15 minutes of additional ECG monitoring. 
Isolated Perfused Heart Preparation

ECG and Action Potential Data Analysis
All data were analyzed in blinded fashion without knowledge of the genotype. All ECG recordings were manually analyzed for heart rate and PR interval during each experimental period. The entire recording periods were scrutinized for ventricular arrhythmias (see online data supplement). Microelectrode, MAP, and single-cell AP data were analyzed using a custom-built software program written in LabVIEW (National Instruments) as previously described (see online data supplement). 15 
Statistical Evaluation
MeanϮSEM values are given, unless otherwise indicated. Mean values were compared with single factor analysis of variance (ANOVA). Post hoc Student's t test analysis was performed whenever significant differences were detected by ANOVA. Fischer's exact test (one-tailed) was used to compare incidence of arrhythmias between groups.
Results
To test the hypothesis that the FHC-linked TnT-I79N mutation causes ventricular arrhythmias, we compared ECG and action potential recordings from transgenic mice with cardiac-targeted expression of human troponin T containing the single amino acid I79N mutation (I79N-Tg) with two control groups: mice expressing human wild-type troponin T (WT-Tg) or no transgene (Non-Tg). In this study, we pooled the data from the two control groups, because our previous characterization did not show significant differences between ECG parameters or incidence of ventricular arrhythmias of WT-Tg and Non-Tg mice. 11
Telemetric ECG Recordings in Freely Moving Mice
I79N-Tg mice (nϭ5) demonstrated a nonsignificant trend toward slower average heart rate and longer PR interval values compared with control mice (2 WT-Tg and 4 Non-Tg) during normal activity (heart rate, 556Ϯ21 versus 600Ϯ18 bpm; Pϭ0.06; PR interval, 37Ϯ1.1 ms versus 33Ϯ1.1 ms; Pϭ0.06). The average heart rate of I79N-Tg mice was significantly slower during swimming exercise (674Ϯ8 versus 740Ϯ9 bpm; PϽ0.05), but not during "mental stress" in form of warm air jets 12 (652Ϯ14 versus 651Ϯ7 bpm; PϭNS). Analysis of 48 hours of continuous telemetric ECG recordings did not reveal any significant differences in the incidence of ventricular tachycardia (VT) between I79N-Tg and control mice ( Figure 1 ). Similarly, no VT occurred in either group during the swimming exercise protocol (5 minutes of exercise and 55 minutes of postexercise ECG monitoring). Warm air stress, however, induced short runs of nonsustained VT in 4 out of 5 I79N-Tg mice (mean 1.8Ϯ0.7 VT episodes per mouse), compared with 1 out of 6 control mice (mean 0.2Ϯ0.2 VT episodes per mouse; Pϭ0.045). In the hour after the warm air stress, the rate of VT was higher in I79N-Tg mice compared with control mice (4.2Ϯ0.7 VT episodes per mouse in 5/5 I79N-Tg mice versus 1.2Ϯ0.2 VT episodes per mouse in 3/6 control mice; Pϭ0.12). One I79N-Tg mouse developed several long episodes on self-terminating VT (maximal length 29 beats; Figure 1B) . None of the control mice had VT episodes lasting longer than 3 consecutive premature ventricular beats (PVBs) during any recording period analyzed.
ECG Recordings in Anesthetized Mice
Under ketamine/xylazine anesthesia, heart rate and incidence of ventricular ectopy were not significantly different between 13 I79N-Tg and 25 control mice (13 WT-Tg and 12 Non-Tg). As previously reported, 10 PR interval was significantly longer in I79N-Tg compared with control mice. On exposure to isoproterenol (ISO 0.1 mg/kg IP), heart rate increased to similar values in both groups of mice (I79N-Tg 472Ϯ36 versus control 473Ϯ19 bpm; Pϭ0.96). Compared with control mice, however, I79N-Tg mice had significantly higher rate of PVBs (inset, Figure 2A ) during 15 minutes of continuous ECG monitoring after the ISO injection (Figures  2A) . PVBs were present in 8 of 9 I79N-Tg mice but only in 6 of 15 control mice (Pϭ0.02). Short runs (3 to 6 beats) of VT were observed in 2 of 9 I79N-Tg mice, but only in 1 of 15 control mice (Pϭ0.31). Administration of higher dose of ISO (1.5 mg/kg), which initially increased the heart rate in both groups similarly (I79N-Tg 499Ϯ51 versus control 515Ϯ18 bpm; Pϭ0.79), resulted in an even higher rate of PVBs in I79N-Tg compared with control mice (Figure 2A ). In addition, there was a trend toward increased incidence of nonsustained VT ( Figure 2B ) in I79N-Tg mice (3 of 5), which had multiple episodes compared with rare episodes in 2 control mice (2 of 10; Pϭ0.16). VT was always self-terminating after 3 to 25 beats. Consistent with our previous report in this model, 10 I79N-Tg mice frequently developed conduction blocks and 3 mice died with complete heart block present on ECG. To test whether stress-induced hemodynamic changes or atrioventricular conduction blocks may have contributed to the high incidence of ventricular arrhythmias, Langendorffperfused hearts were used to examine the etiology of the ventricular ectopy under controlled perfusion conditions.
ECG Recordings in Langendorff-Perfused Hearts
Spontaneously beating, isovolumically contracting isolated hearts were perfused at a constant pressure of 75 mm Hg with Krebs-Henseleit buffer containing 1.8 mmol/L Ca 2ϩ . I79N-Tg hearts had significantly more ventricular ectopy (4.8Ϯ1.4 PVB/min, nϭ12) compared with control hearts (1.1Ϯ0.3 PVB/min, nϭ24 [10 WT-Tg and 14 Non-Tg]; PϽ0.01). Addition of isoproterenol (100 nmol/L) to the perfusate increased heart rates to comparable levels in I79N-Tg and control mice (533Ϯ12 versus 539Ϯ11 bpm; PϭNS). As was observed in vivo, several minutes after the initial increase in heart rate, a second-degree AV conduction block developed transiently in 8 of 12 I79N-Tg hearts, but only in 7 of 24 control hearts (Pϭ0.04). The AV blocks resolved after several minutes. Complete heart block was not observed. To avoid complications secondary to AV conduction blocks, the PVB rate was quantified before the onset of AV block. Although isoproterenol increased the rate of ventricular ectopy in both groups, the rate was significantly higher in I79N-Tg (12Ϯ3.0 PVB/min) versus control hearts (5.2Ϯ1.1 PVB/min; PϽ0.01).
Pacing Rate and Ca 2؉ Dependence of Ventricular Ectopy
Because the TnT-I79N mutation increases myofilament Ca 2ϩ sensitivity 11 and impairs ventricular relaxation especially at higher extracellular [Ca 2ϩ ], 10 Ca 2ϩ dependence of ventricular ectopy was examined (9 I79N-Tg and 17 control mice [8 WT-Tg and 9 Non-Tg]). Unloaded hearts were paced to avoid any complications from heart blocks and intraventricular balloon. In 1.2 mmol/L [Ca 2ϩ ] o , the rate of ventricular ectopy (PVBs) was significantly different only at the highest pacing rates ( Figure 3A) . Episodes of nonsustained VT were not observed in either group. In 3.2 mmol/L [Ca 2ϩ ] o , however, the rate of PVBs was significantly increased in I79N-Tg hearts at most pacing rates ( Figure 3B ). Nonsustained VT occurred in 2 of 9 I79N-Tg hearts, but in none of 16 
Microelectrode and MAP Measurements of Action Potential in Intact Hearts
To investigate potential cellular mechanisms responsible for the ventricular arrhythmias, KCl-filled microelectrodes were used to measure ventricular action potentials 15 in isolated perfused hearts paced at 400 bpm. In 1.2 mmol/L [Ca 2ϩ ] o , action potential wave shape rather than overall action potential duration was found to be significantly altered in I79N-Tg hearts ( Figure 4A ): the ventricular action potential had primarily a lower terminal repolarization phase, which could be quantified as a decrease in action potential duration at 70% repolarization (APD 70 , 14Ϯ1.2 ms, nϭ8, versus 23Ϯ2.2 ms, nϭ10, PϽ0.01, in I79N-Tg and control hearts, respectively). On the other hand, resting potential, overshoot potential, APD 30 , APD 50 , and APD 90 were not significantly different in the two groups of mice. Consistent with the shorter APD 70 , there was a trend toward shorter effective refractory period in I79N-Tg (36Ϯ3 ms) compared with control mice (45Ϯ4 ms; Pϭ0.065).
] o , miniaturized contact electrodes were used to record monophasic action potentials (MAPs), because it was difficult to use microelectrodes reliably for the more vigorously contracting hearts. The reliability of MAP with respect to duration and shape of microelectrode recordings was recently shown. 15 Figure 4 compares microelectrode (panel A) and MAP recordings (panel B) from I79N-Tg and control hearts. In a manner similar to that found when using microelectrodes, MAP wave shape rather than overall MAP duration was changed ( Figure 4B ): left-ventricular epicardial MAPs of I79N-Tg hearts had significantly shorter action potentials at 50% and 70%, but not at 30% and 90% repolarization ( Figure 4C) 
Measurement of Action Potential and Membrane Currents in Isolated Ventricular Myocytes
To exclude any potential contribution of Ca 2ϩ binding to mutant Troponin complex on action potential duration, myocytes were dialyzed with pipette solution containing high (14 mmol/L) concentration of EGTA that completely abolished contractions. Unlike the isolated heart, action potential durations measured in highly Ca 2ϩ -buffered myocytes were not statistically different between control and I79N-Tg myocytes ( Figure 5A ). The duration of action potentials recorded from ventricular myocytes were on average significantly shorter than those recorded either in the isolated heart (compare Figure 4) or in myocytes using the perforated patch technique (compare Figure 6) .
Voltage-clamp measurements of L-type Ca 2ϩ current (Figure 5B ) and depolarization-activated outward K ϩ currents ( Figure 5C ) also failed to demonstrate significant differences between control and I79N-Tg myocytes. The outward component of the inward rectifier K ϩ current (I K1 ) was modestly, but significantly reduced in I79N-Tg compared with control myocytes (Figure 5D , inset). Because reduction of I K1 would tend to prolong repolarization, these data suggest that the shorter APD 70 of I79N-Tg hearts is unlikely to result from changes in Ca 2ϩ or K ϩ membrane currents, but may depend on the characteristics of intracellular Ca 2ϩ signaling. 
Simultaneous Measurement of Action Potential and Ca 2؉ Transients in Ventricular Myocytes
To avoid potential effects of intracellular dialysis and Ca 2ϩ buffering, membrane potentials and cytosolic Ca 2ϩ transients were measured simultaneously in field-stimulated, fura-2AM-loaded ventricular myocytes using the perforated patch method ( Figure 6A ). At a pacing rate of 1 Hz, mean APD 70 and APD 90 were significantly shorter in I79N-Tg compared with control myocytes (Figure 6B, left) . Mean resting potential (I79N-Tg Ϫ65Ϯ0.9 versus control Ϫ65Ϯ0.8 mV) and overshoot potential (I79N-Tg 21Ϯ3.1 versus control 27Ϯ2.7 mV) were not significantly different between control and I79N-Tg myocytes. At a more physiological pacing rate of 5 Hz (300 bpm), only APD 70 remained significantly shorter in I79N-Tg compared with control myocytes. Overall action potential wave-form was reminiscent of those recorded with microelectrode in the intact heart of either group (compare Figure 4) .
As illustrated in Figure 6A To test this hypothesis directly, extracellular Na ϩ was rapidly replaced with Li ϩ ( Figure 7A ). This maneuver allows influx of Li ϩ through Na ϩ channels, but blocks Ca 2ϩ extrusion on the exchanger. 16 The block of inward exchanger current by Li ϩ abolished the differences in APD 70 of transgenic and control mice ( Figure 7B ). Note that in the presence of Li ϩ , the action potential is much shorter despite a much larger Ca 2ϩ transient, suggesting that the inward exchanger current significantly contributes to repolarization of the action potential. In addition, Figure 7A (right) shows that enhanced Ca 2ϩ transients produce longer action potentials after the washout of Li 
Measurement of Ca 2؉ Transients in Response to Isoproterenol
Exposure to isoproterenol (500 nmol/L) increased peak Ca 2ϩ transients more dramatically in I79N-Tg than in control myocytes ( Figures 8A and 8B) , such that there were no statistical differences between the two groups any longer (F 340 /F 410 , I79N-Tg 1.15Ϯ0.13 versus control 1.21Ϯ0.19; Pϭ0.8; Figure  8C ). As expected, isoproterenol also significantly accelerated the decay rate of Ca 2ϩ transients in both groups ( Figure 8D ), but the decay rate of Ca 2ϩ transients remained significantly slower in I79N-Tg versus control myocytes (, 111Ϯ10 versus 65Ϯ3 ms; PϽ0.01). Similar to the data obtained with fast pacing, isoproterenol significantly increased diastolic [Ca 2ϩ ] in I79N-Tg versus control myocytes ( Figure 8E ). In addition, isoproterenol significantly increased the SR Ca 2ϩ content of I79N-Tg versus control myocytes ( Figure 8F) . Thus, the data suggest that in the presence of isoproterenol, [Ca 2ϩ ] i remains elevated for longer periods of time due to the slower rate of cytosolic Ca 2ϩ decay in I79N-Tg compared with control myocytes.
Discussion
Our data demonstrate for the first time that expression of mutant troponin T causes ventricular arrhythmias in freely moving mice 
Mechanism of Action Potential Remodeling
In highly Ca 2ϩ -buffered I79N-Tg and control cells, we found no significant differences in APD ( Figure 5A ), Ca 2ϩ current ( Figure  5B ), or transient outward K ϩ current ( Figure 5C ), but I K1 was downregulated ( Figure 5D ). On the other hand, action potentials of poorly Ca ] i is the same or higher in the terminal phase of the action potential ( Figure 6A ), resulting in unchanged APD 90 at faster beating rates ( Figures 4B and 6B (Figure 7) . Together, these results suggested that [Ca 2ϩ ] i strongly modulates the murine ventricular action potential via the exchanger, as also reported for rat ventricular myocytes. 17 
Mechanism of Ventricular Arrhythmias
There are several possibilities how the remodeling of repolarization wave-shape (Figure 4) , induced by differences in 19 even in the absence of APD prolongation. (3) The combined decrease of I K1 ( Figure 5 ) and increase of diastolic [Ca 2ϩ ] i at fast pacing rates or in presence of isoproterenol (Figure 8 ) may trigger delayed afterdepolarizations, 20 and/or spontaneous Ca 2ϩ oscillations. 21 (4) Abnormal Ca 2ϩ handling may in itself contribute to the initiation of reentrant arrhythmias by mechanisms distinct from enhanced dispersion of refractoriness or triggered activity, as recently demonstrated in a murine heart failure model. 22 Exactly which mechanism(s) are responsible for the ventricular tachycardia of I79N-Tg mice remains to be determined.
Mechanism of Altered Ca 2؉ Transients
The Figure 5B ) and SR Ca 2ϩ content ( Figure 8F ) suggests that initially more Ca 2ϩ is bound to TnT-I79N containing myofilaments, but later on, as the muscle starts to relax, the additional Ca 2ϩ that comes off the myofilaments produces the slower decay of Ca 2ϩ transients. It may seem somewhat surprising that peak caffeineinduced Ca 2ϩ transients ( Figure 8F ) were not depressed in I79N myocytes. However, it should be noted that, unlike the fast twitch Ca 2ϩ transients ( Figure 8A ), a sustained rise in [Ca 2ϩ ] i in the presence of caffeine would almost fully saturate TnC Ca 2ϩ binding sites (Ͼ90% assuming peak caffeineinduced free [Ca 2ϩ ] i of 1 mol/L 9 and high cooperativity of Ca 2ϩ binding and myofilament activation in intact muscle 25 ). Under such conditions, the TnT-I79N mutation may change the total cytosolic Ca 2ϩ buffering capacity by less than 5% (given that TnT-I79N left-shifts pCa50 by 0.2 11 
